Experiments were performed to determine whether central endocrine or neural regulation is primarily involved with the development of endocrine responses in fetal adipose tissue metabolism. Fetuses within one uterine horn were either decapitated (decal)) or spinally cauterized at 45 d of gestation, with fetuses in the other horn serving as sham controls (intact). Fetuses were removed by cesarean section at 110 d of gestation. Slices of subcutaneous adipose tissue (100 mg) were incubated in media supplemented with radioactive glucose and insulin (1.0 mU/ml) to measure the metabolic response of the tissue to insulin. Other slices were incubated in medium supplemented with norepinephrine bitartrate (1 #g/ml) to measure lipolytic response by glycerol release. Basal glucose utilization for oxidation, total lipid and fatty acid synthesis was higher in decap adipose tissue than intact adipose tissue. Cauterized and intact fetuses did not differ in adipose tissue glucose metabolism. Only decap adipose tissue demonstrated an insulin stimulation of glucose oxidation and lipogenesis. Norepinephrine stimulated lipolysis in both cauterized and intact adipose tissue but had no effect upon deeap adipose tissue lipolysis. These results demonstrate central endocrine regulation but not central neural regulation has an important function in the development of porcine fetal adipose tissue metabolism and its responses to systemic hormones.
Introduction
Swine are born with extremely limited energy stores in the form of adipose tissue lipids (Mersmann, 1974) . The metabolic and regulatory factors that limit fetal lipid storage have not been clarified. Fetal decapitation is one method that has been used to study the role of the central nervous and endocrine systems in the regulation of adipose tissue i Supported by the Univ. of Georgia Exp. Sta. and NIH grant HD 18447.
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Received May 9, 1986 . Accepted September 18, 1986 metabolism (Kasser et al., 1983) . Martin et al. (1985) reported significant alterations in the endocrine profiles of the decapitated fetus. A direct relationship between this altered endocrinology and adipose tissue metabolism could not be made because fetal decapitation not only removed central endocrine regulation but also central neural regulation of peripheral metabolism. The prenatal function of the nervous system in adipose tissue metabolic development is unknown. Spinal cauterization has been used in the past to remove central neural inputs to the periphery (Campion et al., 1978) . Spinal cautery and fetal decapitation were used in the present study to differentiate the influence of central neural and central endocrine regulation upon fetal subcutaneous adipose tissue metabolism and its responses to hormones.
Methods
Five pregnant crossbred gilts with known breeding dates were used for the fetal decapita-i 745 J. Anim. Sci. 1987.64:745-751 tion experiment. Six different pregnant crossbred gilts with known breeding dates were used for the spinal cautery experiment. All animals were fed the same corn:soybean diet throughout gestation.
Surgical Procedures. Surgical methodologies
were identical for all sows except for the specific decapitation and spinal cautery procedures. The gilts were placed under halothane anesthesia at 45 d of gestation, and a midventrai laparotomy was performed. The uterus was exteriorized and one of the two uterine horns was randomly selected for the designated procedure. Decapitation was performed on all fetuses in one uterine horn according to the procedure of Stryker and Dziuk (1975) . The fetuses in the other uterine horn were palpated and thus served as sham-operated controls. Spinal cautery was performed according to the procedure of Campion et al. (1978) . Briefly, a cautery needle was inserted through the uterine wall and between the first and second vertebrae of the fetal pig. A lesion of the spinal cord was produced by cauterization for a 5-s period at maximum power of the electrical cauterization unit. Sham surgery was performed on the fetuses of the other horn by inserting the cautery needle but not applying electricity. The uterus was replaced within the abdominal cavity and then the incision was closed. The fetuses were removed from the pregnant gilt during another midventral laparotomy at 110 d of gestation. One or two pairs of treated and intact (control) fetal pigs were removed from each gilt. Decapitated and intact fetuses were weighed following removal of the heads from intact fetuses. Spinal cauterized and intact fetuses were weighed with their heads. Control animals were selected to be similar in body weight to experimental animals to eliminate body size as a potential factor in the experiments. Spinal cautery was verified by dissection of the first three vertebrae and visual inspection of the cauterized region. Complete ablation of all visible neural cord was required for acceptance as a spinal cauterized fetus.
Incubation for Insulin Response.
A block of subcutaneous adipose tissue dorsal to the scapula (shoulder region) was removed immediately for sample preparation. Adipose 6 Sigma Chemical Co., St. Louis, MO. T Regular Iletin I, Eli Lilly and Co., 80mnifluor, New England Nuclear, Boston, MA.
tissue slices weighing 90 to 110 mg were prepared with a Stadie-Riggs hand microtome from the tissue block. Slices were pre-incubated for 30 min in Krebs-Ringer bicarbonate buffer containing 1.0 mM glucose and 2.0% essentially fatty acid-free bovine serum albumin 6. The incubation medium was similar to but also contained 1.0 #Ci [U-14C]glucose + 1.0 mU beef-porcine insulin 7 per ml.
Incubations were performed in 25-mi Erlenmeyer flasks containing 2 ml of medium at 37 C in a Dubnoff metabolic shaker (90 oscillations per min). Flasks were gassed with a mixture of 95% O2-5% CO2 and capped with rubber stoppers containing center wells.
The incubations were stopped after 2 h by the addition of .5 ml of 1.0 N H2SO 4. Carbon dioxide (CO2) was collected for 30 min in .2 ml hyamine hydroxide injected into suspended plastic wells. The plastic center wells were blotted dry and placed in plastic scintillation vials. The vials were filled with 8.5 ml of a liquid scintillation cocktail mix s , and the radioactivity that was incorporated into CO2 was quantitated. Adipose tissue sections were removed from the media, rinsed in distilled water, and placed in screw-capped test tubes for extraction of the radioactivity in the tissue lipid fractions by the method of De Cingolani (1972) . Radioactivity that was incorporated into glycerides, phosphoglycerides and sterols was quantitated as total lipids. Fatty acids derived from glycerides were quantitated following saponification in ethanolic KOH and extraction. All incubation data were adjusted for counting efficiency (by H number), specific activity of the medium and the tissue weight. All data were expressed as nanomoles substrate incorporated-gram tissue -1 9 2 h-1.
Incubation for Lipolytic Response. Preparations prior to incubation were identical to the insulin response incubations. Tissue slices were incubated in Krebs-Ringer bicarbonate buffer containing 5.0 mM glucose, 2.0% fatty acid-free albumin + #g of norepinephrine bitartrate per ml (3.1 #M). Incubations were performed under the same conditions as the insulin response incubations.
A 1.0-ml aliquot of medium was collected from each flask after 2 h of incubation. Samples were prepared by the immediate addition of .2 ml of ice-cold 30% perchloric acid, and then were frozen. Samples were thawed at a later date for glycerol analysis. Thawed samples were centrifuged at 15,600 x g for 5 rain to clarify the samples prior to glycerol measurement. Glycerol was measured according to the procedures of Wieland (1974) . All data were expressed as nanomoles of glycerol released" gram tissue -1 9 2 h -1 .
Adipose Tissue Histocbemistry. Blocks of dorsal-most subcutaneous adipose tissue (shoulder region) were removed immediately and prepared for histochemical analysis. One experimental and one control fetus from each of five gilts from each study (cauterization, decapitation) were used for adipose tissue studies. Tissue blocks were frozen in isopentane cooled in liquid N2, and stored in an ultracold freezer (-75 C) until analysis. Details of the staining procedure are given elsewhere (Hansman, 1981) .
Fat Cell Diameters and Cell Cluster Numbers. Cell diameters were determined on esterase-stained sections according to the method of Sjostrom et al. (1971) . Fifty diameters were measured from each fetus (middle layer of subcutaneous depot) and averaged. The mean of those averages was used to represent the treatment groups.
Fat cell clusters in the outer layer of subcutaneous adipose tissue were counted in 50-#m sections stained for lipid. A 6 mm 2 area (of the outer layer) directly over the spinal cord was outlined in microscopic images projected onto a wall. All fat cell clusters in the 6-mm 2 area were counted. One section from a decapitated and a control fetus from each of five gilts was counted. The five sections were then averaged to represent the treatment group.
Statistical Analysis. The paired t-test was
used to analyze the differences between basal and hormone-supplemented incubations, and to analyze the differences of basal incubations between treated and intact fetuses of each pair within a litter (Steel and Torrie, 1980) .
Results
Decapitation of fetal pigs at 45 d of gestation resulted in a reduction in the number of adipocyte lobules formed by 110 d of gestation, with a concomittant increase in adipocyte size in comparison to intact fetal pigs (table  1) . Spinal cautery had no effect upon any histological or morphological characteristics of adipose tissue development in the fetal pig.
Basal glucose utilization by adipose tissue slices from decapitated fetal pigs for oxidation, total lipid synthesis and fatty acid synthesis was much higher than utilization by slices from intact fetuses (table 2) . Adipose tissue metabolism from decapitated animals was stimulated significantly by insulin addition to the medium at 1 mU/ml. Glucose oxidation, total lipid synthesis and fatty acid synthesis were all increased by insulin. Insulin addition to the medium had no effect on glucose metabolism by control adipose tissue.
Basal lipolysis in fetal adipose tissue was extremely low (table 3) in comparison to published reports for postnatal tissue (Mersmann et al., 1975) . Decapitation appeared to decrease basal lipolysis but was not statistically significant. Adipose tissue from decapitated fetuses did not respond to norepinephrine stimulation. Control adipose tissue lipolysis increased approximately 800% in response to norepinephrine addition.
Identical experiments were performed on adipose tissue from spinal cauterized fetuses. Spinal cautery had no effect on any monitored parameter of basal glucose metabolism (table  4) . Addition of insulin to the media at 1 mU per ml had no effect on glucose metabolism by adipose tissue from spinal cauterized or intact fetuses. aMean + SE for seven animals; activities are expressed as nmol incorporated-g tissue -* 9 2 h -1 .
bMedia included 1 ~aCi IU-t4CI glucose per ml • 1 mU insulin (lletin) per ml.
CDifferent from basal (P<.05).
dDifferent from intact control (P<.05).
Basal lipolysis was higher in the adipose tissue from spinal cauterized fetuses than in intact fetuses (table 5). Spinal cautery had no effect upon lipolytic resonse to catecholamine. Adipose tissue from the spinal cauterized and intact fetuses demonstrated similar high lipolytic responses to norepinephrine supplementation.
Discussion
The changes in rates of metabolic pathways responsive to endocrine stimuli exemplified by increases in glucose oxidation and lipogenesis in adipose tissue from decapitated fetuses suggests that the developing endocrine system may be important for these metabolic shifts. The actual functions of the fetal endocrine system in the metabolic development of porcine adipose tissue is uncertain. Lipid deposition was minimally affected by in vivo insulin administration to the fetal pig (Herbein et al., 1977; Garssen et al., 1983) . The absence of an insulin effect may have been due to the presence of insulin antagonistic hormones during late gestation in the intact fetal pig, as originally proposed by Kasser et al. (1983) .
The present experiment examined this hypothesis by directly measuring the insulin response of glucose metabolism in the adipose tissue from intact and decapitated or spinal cauterized fetal pigs. The inability of spinal cautery to affect glucose metabolism or its responsiveness to insulin stimulation in fetal adipose tissue of swine indicated that central neural mechanisms do not significantly affect physiological characteristics of glucose metabolism in fetal adipose tissue. Secondly, these data also sug- aMean • SE for seven animals; activities are expressed as nmol of glycerol released-g tissue -1 9 2 h -1 .
bNorepinephrine bitartrate was supplemented at 1 ~g per ml of media (3.1 ,M).
dDifferent from intact control (P<.05). aMean 9 SE for seven animals; activities are expressed as nmol incorporated.g tissue -1 * 2 h -1 .
bMedia included I #Ci [U-14C] glucose per ml -+ 1 mU insulin (Iletin) per ml.
CNo effect of insulin or spinal cauterization (P>.05).
gested that the metabolic effects produced in the adipose tissue of decapitated pigs was due primarily to changes in fetal endocrinology. Thus,. the ability of all characteristics of glucose metabolism to respond to insulin in the adipose tissue from decapitated pigs but not in the tissue from intact pigs supports the hypothesis of Kasser et al. (1983) . They suggested that the absence or decrease in insulin-antagonistic hormones in the decapitated pig during gestation permitted the development of an insulin sensitivity in the fetal adipose tissue. This has been supported further by the recent report of Walton and Etherton (1986) that growth hormone antagonizes insulin sensitivity of swine adipose tissue. Decapitation drastically reduces growth hormone concentrations in sera of fetal pigs (Martin et al., 1985) , which would allow development of insulin responsiveness by the tissue. Alternatively, the ontogeny of receptor development may have been shifted to an earlier stage of gestation because of alterations produced by decapitation. Either case may have led to the observed increase in body lipid deposition in the decapitated fetus (Kasser et al., 1983) . The overall promotion of basal metabolic activity and its stimulation by insulin in adipose tissue from decapitated pigs may be a consequence of an increase in specific regulatory enzyme activities or an increase in activities of specific glucose transport mechanisms. The action of removal of central endocrine regulation upon adipose tissue metabolism will require further clarification through the use of 2-deoxyglucose transport experiments and assays of specific regulatory enzymes.
An increase in lipid deposition is the product of lipogenesis and esterification exceeding lipolysis. Fetal decapitation also may function by decreasing lipolysis to produce the observed increases in adipocyte size and body lipid accretion (Kasser et al., 1983) . The contribution of lipolysis to the metabolic activity of fetal pig adipose has not been examined. Lipolysis in fetal human adipose tissue was sensitive to catecholamine supplementation in vitro (Dunlop and Court, 1978) . Previous research has indicated that the lipolytic pathway is developed by birth in the pig (Persson et al., 1971; Horn et al., 1973) . In vivo injection of norepinephrine into newborn pigs induced rapid increases in plasma glycerol concentrations (Persson et al., 1971) . Adipose tissue from control pigs in both experiments from this study responded to norepinephrine with at least an eighffold increase in the lipolytic rate. The levels of basal and stimulated lipolysis were still very low in comparison to postnatal pig adipose tissue (Mersmann et al., 1971 (Mersmann et al., , 1976 . This was due to the low lipid content of the tissue, as suggested by Mersmann et al. (1976) , and to the very low levels of the rate-limiting, hormone-sensitive enzyme lipase (Horn et al., 1973; Steffen et al., 1978) .
Spinal cautery did not affect norepinephrine stimulation of lipolysis. The cause of the elevated basal lipolysis in the spinal cauterized fetus is unknown but suggests that some metabolic changes do occur in adipose tissue in response to neural ablation. The absence of a norepinephrine-stimulated lipolytic response in decapitated fetal pig adipose tissue demonstrated that central endocrine regulatory factors control fetal adipose tissue lipolysis.
Decapitation eliminates thyroid releasing hormone and thyroid stimulating hormone. Thyroid hormone secretion does not occur as a result, as indicated by an absence of serum thyroxine and triiodothyronine (Martin et al., 1985) . Thyroid hormones are critical for catecholamine-induced lipolysis. Induced hypothyroidism in postnatal rats has produced a similar absence of an in vitro lipolytic response to catecholamines by adipocytes, unless the animals were treated with thyroid hormones (Ohisalo, 1980; Fain, 1981) . Those experiments suggest that thyroid hormones are essential for the proper coupling of adipocyte catecholamine receptors (13) to the adenyl cyclase cascade that regulates lipolysis (Fain and Garcia-Sainz, 1983) . Therefore, the presence of noradrenergic sensitivity in fetal pig adipose tissue is a consequence of fl-receptor development in response to systemic hormones controlled by central endocrine regulatory factors. The present experiments suggest that future success at promoting fetal lipid storage and mobilizing this energy immediately following parturition may depend on the ability to stimulate or inhibit the release of these various central endocrine regulatory factors.
